Background: Indoleamine 2,3-dioxygenase (IDO), the rate-limiting enzyme that converts tryptophan (Trp) to kynurenine (Kyn), suppresses antitumor immune responses via depletion of Trp and accumulation of Kyn. We hypothesized that, in colorectal cancer (CRC), IDO activity may serve as a biomarker and thus we compared the IDO activity between patients with CRC and those without CRC. We further assessed the effect of surgical treatment of CRC on IDO activity.
Introduction
Indoleamine 2,3-dioxygenase (IDO) is the rate-limiting enzyme that catalyzes the conversion of tryptophan (Trp) to kynurénine (Kyn) [1] . IDO has been implicated in the suppression of the antitumor immune responses trough depletion of Trp and accumulation of Trp metabolites [2, 3] . Several studies have shown that this activation of tryptophan metabolism by IDO suppresses T-cell proliferation and promotes T-cell apoptosis in the tumor tissue. Consistently, increased IDO activity have been reported in several types of cancers such as skin [4] breast [5] and lung cancer [6] and have even been associated with disease progression and poor prognosis in lung [6] and skin cancer [4] . In these cancers, the measurement of Kyn and Trp concentration and calculation of the Kyn/Trp ratio have been used as surrogate indicators of IDO activity.
The role of IDO activity in colorectal cancer (CRC) is, however, not yet well-defined. Data from experimental study indicate that IDO prevent the development of colorectal cancer driven by chronic inflammation [7] . Indeed, IDO deficiency in chronic inflammatory disease models increased the incidence of colonic tumor. By contrast, IDO expression in human colorectal tumors has been involved in CRC progression [8, 9] . These conflicting results suggest that more data are needed on IDO activity in colorectal cancer to determine whether activation of tryptophan catabolism by IDO may serve as a biomarker of CRC. Therefore, this study aimed at comparing the IDO activity between patients with CRC and those without CRC, by measuring the serum concentration of Kyn and Trp and calculating Kyn/Trp ratio. Furthermore, to define the impact of therapy on IDO activity, the serum concentration of Kyn and Trp was assessed prior surgical resection and post-operatively in all the patients included in this study that were scheduled to undergo surgical resection either for CRC or for benign colorectal disease.
Methods

Patients
This prospective longitudinal observational study was conducted in a single institution, Pitié-Salpêtrière Hospital, Paris, France. Eligible patients were scheduled to undergo surgical resection of either a primary colon cancer (CRC group) or of a benign colon disease (Control group). Patients were excluded if they had received neoadjuvant chemotherapy or radiotherapy or if they had a diagnosis of concomitant cancer. Patients with chronic renal disease or receiving medications that interfere with Trp metabolism were also excluded. No patients had autoimmune diseases, viral hepatitis, or human immunodeficiency virus (HIV) infection.
This study was approved by the Independent Ethics Committee of Pitié-Salpêtrière Hospital. All patients provided written informed consent before participation.
Clinical and histologic evaluation
Histopathological and clinical findings were scored according to the tumor-node-metastasis (TNM) staging system of the UICC [10] . Early metastatic invasion was assessed by the presence of vascular emboli, lymphatic invasion, and perineural invasion (VELIPI) alone or in combination. A VELIPI-positive tumor was defined by the presence of at least one of these pathological findings, whereas a VELIPInegative tumor had none of the three findings [11] . Microsatellite instability (MSI) was assessed by performing immuno-histo-chemichal staining for MLH1, MSH2 and MSH6.
Immunohistochemistry
The immuno-staining procedure was performed on formalin-fixed, deparaffinised 4-μm thick TMA sections by using a biotin-free polymeric visualization system (Ultravison LP ref TL-015-HD, Lab Vision, Fremont, CA, USA). The primary mouse monoclonal anti-IDO antibody (clone 10.1, Chemicon-Millipore, Molsheim, France), dilution 1:100 were used at the indicated dilutions. The antigen retrieval reaction was performed in a water bath, using EDTA buffer (pH 8.0) for 20 min at 97°C. The slides were then incubated with the peroxidase block supplied by the manufacturer of the visualization system for 10 min. Next, the slides were incubated with the primary antibodies for 60 min at room temperature. The incubation time was 10 min for each step of the visualization system. Chromogen diaminobenzidine supplied by the manufacturer was applied for 5 min, and counterstaining with haematoxylin for 1 min.
Laboratory examination
Serum samples of patients were collected prior surgical resection on the day of surgery (Day 0) and seven days after surgery (Day 7). Serum samples were frozen at -70°C until analysis.
The concentrations of Trp and Kyn were measured simultaneously by high performance liquid chromatography (HPLC) equipment with UV detection setting at 360 nm for Kyn, and at 278 nm for Trp in a single run according to Yamada et al. [12] .
Statistical analysis
The primary evaluation criterion was the serum Kyn concentration measured prior surgery (D0). The study was designed to have a power of 80% to detect a clinically significant difference of 0.5 (0.8 of standard deviation) at a 5% level of significance (two-sided test) with a ratio of 2:1 for CRC group and Control group. Based on this assumption, 62 and 31 patients should be included in the CRC group and the Control group, respectively.
Data were expressed as median [first quartile; third quartile] for continuous data and as frequency (percentage) for categorical data. Longitudinal data are graphically represented as a plot group means and confidence intervals and as spaghetti plot.
For Kyn concentration, Trp concentration and Kyn/Trp ratio: the "group effect" (CRC vs. control) was assessed using Wilcoxon rank sum test for continuous variables. The "time effect" (comparison between pre-and post-operative) was assessed using Wilcoxon rank sum test for paired data. The possible correlations between serum Kyn concentration and serum Trp concentration at D0 and D7 were assessed by using Spearman's rank correlation technique.
The associations between baseline characteristics and group were assessed with Fisher's exact test or Wilcoxon rank sum test according to the tested covariate.
The association between tumor characteristics and serum Kyn concentration or Kyn/trp ratio was assessed by Wilcoxon rank sum test or Kruskal Wallis rank sum test.
Then receiver operating characteristic (ROC) curve analysis was performed to determine the best discriminative point, distinguishing CRC group and Control group at baseline.
Results
Patient and tumor characteristics
A total of 106 patients were included in this study: 68 patients in the CRC group and 38 in the Control group. Patient and tumor characteristics are shown in Table 1 . Demographic characteristics were comparable between the two groups. In the Control group, all the patients had a left colonic resection for diverticulitis. In the CRC group, about 75% of patients had a T3 or T4 tumors and 38 patients (55%) had VELIPI positive-tumor. High level of MSI (MSI-H), that is associated with a favorable prognosis, was detected in 9%. All 27 tumors analyzed with immuno-staining procedure was IDO positive (Figure 1 ).
Serum concentrations of Trp and Kyn and Kyn/Trp ratio
The concentrations of Trp, Kyn, and the Kyn/Trp ratio prior surgical resection (Day 0) and seven days after surgery (Day 7) are presented in Table 2 . At Day 0, the serum concentration of Kyn and the Kyn/Trp ratio were significantly higher in the CRC group than in the Control group. At Day 7, the serum concentrations of Kyn and the Kyn/Trp ratio were not statistically different between the two groups. Indeed, the concentration of Kyn was significantly increased 7 days after surgery in the two groups.
The increase of Kyn concentration from Day 0 to Day 7 was comparable in the CRC group and in the Control group as illustrated in Figure 2 . Concurrently, no significant changes from Day 0 to Day 7 in the Trp concentration were observed in both groups (Figure 2 ).
Association between the concentrations of Kyn and Trp and tumor characteristics
Of all the tumor characteristics assessed individually in the univariate analysis, none were found to be significantly associated with the serum concentration of Kyn or the Kyn/Trp ratio measured prior surgery (Table 3) . Similar results were observed for the serum concentration of Trp. 
Receiver operating characteristic (ROC) curve analysis
A sensitivity-specificity analysis of serum kynurenine levels in distinguishing CCR group from Control group was performed ( Figure  4) . The best discriminative point was 1.51 (sensitivity=0.63; specificity=0.68). 
Discussion
The results of this study indicate that IDO activity assessed by serum Kyn/Trp ratio is higher in patients with CRC compared with those without CRC before the surgical removal of the CCR. Furthermore, our data show that the treatment of colorectal cancer impacts the IDO activity since the Kyn/Trp ratio in patients with CRC after removal of colorectal cancer was similar to that of patients with benign colorectal disease. Altogether, our results suggest that increased serum Kyn/Trp ratio may be linked to CRC.
These results are in line with previous studies indicating that IDO is expressed in colorectal carcinoma [3, 8, 9] . In some of these studies, IDO expression levels significantly correlated with the reduction in intra-tumoral T cells, the presence of distant metastases and overall survival in patients with colorectal cancer [8, 9] .
Only few studied have analyzed the IDO plasma activity, defined as the Kyn/Trp ratio, in cancer disease: Suzuki et al. [6] in lung cancer, Weinlich et al. [4] in melanoma, Lyon et al. [5] in breast cancer and Cavia-Saiz et al. [15] in colorectal cancer in response to chemotherapy. Our results, are comparable with those of the three first cited studies: plasma IDO activity is increased in patients with cancer compared with healthy volunteers. Lyon et al. interested in plasma IDO activity in patients with CCR: they observed that all patients with CCR had elevated IDO activity in plasma and in dendritic cells [5] . Instead of studying the plasma IDO activity in response to the surgery, as in our study, they studied the plasma IDO activity in response to chemotherapy and showed that the plasma IDO activity after chemotherapy in CCR group was similar to plasma IDO activity in the healthy group. The design of the study did not allow concluding if the decrease of the plasma IDO activity was in relation with the decrease of the cancer size or with the chemotherapy. In contrast, in our study, because the two groups was submitted to the same anesthesia, surgery and perioperative care, the intrinsic effect of the treatment is the same: if IDO activity is not significantly different after surgery whereas it was significantly different before, it can be a priori attributed to the However, in our study, we did not find any association between the serum Kyn concentration or the Kyn/Trp ratio and the tumor characteristics, i.e., TNM, early metastatic invasion assessed by VELIPI and MSI status. This difference may be explained by the fact that in the aforementioned studies, the protein expression of IDO was detected solely in the tumor tissue whereas in our study the ratio of Kyn to Trp was measured in patient's plasma. Serum concentrations of Kyn and Trp may be affected by confounding effects such as concurrent medication, nutritional state or unspecific inflammation. Indeed, IDO may be induced by unspecific inflammation as IDO is a very sensitive IFNγ response gene [13] . Beside IDO, the systemic Trp levels are also regulated by tryptophan-2,3-dioxygenase (TDO) and are closely related to dietary intake [14] . These factors may account for the absence of difference in serum Trp concentration between patients with CRC and those with benign colorectal disease observed in our study.
We further assessed the change in IDO activity in response to CRC resection. Seven days after surgery, the serum Kyn/Trp ratio was comparable between patients with CRC and those without CRC, suggesting a close relationship between IDO activity and CRC. In line with this finding, a decrease of IDO activity has been reported in patients with CRC after chemotherapy [15] . However, our result should be interpreted with caution. Indeed, after surgery, we also observed an increase in serum Kyn concentration in both patients with CRC and those with benign colorectal disease. This increase may be attributed to surgery as surgery or trauma leads to an inflammatory response involving pro-inflammatory cytokines such as IFNγ that could activate tryptophan catabolism [16] . Consistently, a higher serum Kyn/Trp ratio, lower Trp concentration and concomitant increase in Kyn concentration have been reported in trauma patients compared to healthy volunteers [17] . In our study, the surgical treatment per se may thus have impacted the estimation of IDO activity after the removal of colorectal cancer. In addition, 23 of 68 patients with CRC had metastasis, which could explain the absence of change in Trp concentration post-operatively. Altogether, this suggests that the measurement of serum Kyn -Trp concentration at lesser level, and calculation of Kyn/Trp ratio could be considered for further studies as biomarkers to monitor the response to the surgical treatment of CRC.
This study had some limitations. Taking into account that surgery triggers an inflammatory response, we could have assessed proinflammatory cytokines in patient's plasma. In addition, the Control group was constituted by patients with diverticulitis, even though elective colectomy was performed after recovery from acute diverticulitis. However, the serum concentrations of Kyn and Trp in these patients were similar to those reported in healthy volunteers in previous studies [6] . Moreover, the postoperative sampling at Day 7, before the hospital's discharge, is from a distance of the inflammatory postoperative phase.
Conclusion
In summary, this study shows that IDO activity measured by the Kyn/Trp was higher in patients with CRC than in patients without CRC. After the removal of the primary colorectal cancer-and then of the whole or the majority of the tumor mass-IDO activity was similar in both groups, suggesting that the Kyn/Trp ratio might be a marker of CRC. Thus, because our findings suggest that IDO activity is related to CRC, further studies are needed to establish the Kyn/Trp ratio as a reliable serum marker of CRC.
